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$EVWUDFW² 7DQGHP SHURYVNLWHVLOLFRQ GHYLFHV DUH SURPLVLQJ
FDQGLGDWHV IRU KLJKO\ HIILFLHQW DQG ORZ FRVW VRODU FHOOV 6XFK
WDQGHPVRODUFHOOVKRZHYHUUHTXLUHFDUHIXOSKRWRQPDQDJHPHQW
IRU RSWLPXP SHUIRUPDQFH ZKLFK FDQ EH DFKLHYHG ZLWK
LQWHUPHGLDWH SKRWRQLF VWUXFWXUHV +HUH ZH LGHQWLI\ WKH LGHDO
UHTXLUHPHQWV IRU VXFK LQWHUPHGLDWH VWUXFWXUHV LQ
SHURYVNLWHVLOLFRQ WDQGHP FHOOV&RXQWHULQWXLWLYHO\ZH ILQG WKDW
WKH UHIOHFWDQFH LQ WKH SHURYVNLWH DEVRUSWLRQ ZLQGRZ LH EHORZ
DSSUR[QPZDYHOHQJWKGRHVQRWKDYHDVWURQJLPSDFWRQWKH




HIILFLHQFLHV VXUSDVVLQJ  DVVXPLQJ D 3(5/ ERWWRP FHOO DQG
UHDOLVWLFSHURYVNLWHWRSFHOOE\RSWLFDOLPSHGDQFHPDWFKLQJDORQH

,QGH[ 7HUPV² SKRWRYROWDLFV WDQGHP VRODU FHOOV SHURYVNLWH




25  VRODU FHOOV WR EHFRPH FRPSHWLWLYH ZLWK WUDGLWLRQDO
HQHUJ\VRXUFHV WKHLUFRVWSHU:DWWRIHQHUJ\QHHGV WREH
UHGXFHG 7KLV FRVW GHSHQGV PDLQO\ RQ WKH LQVWDOODWLRQ DQG
PDQXIDFWXULQJ SURFHVV DV ZHOO DV RQ WKH SRZHU FRQYHUVLRQ
HIILFLHQF\$VWKHDYHUDJHSULFHRIVLOLFRQKDVDOUHDG\GURSSHG
VKDUSO\ LQ WKH ODVW GHFDGH >@ WKH PDQXIDFWXULQJ FRVWV DUH
DOUHDG\ YHU\ ORZ DQG WKH LQVWDOODWLRQ FRVWV DUH GLIILFXOW WR
UHGXFH PXFK RI WKH UHVHDUFK HIIRUW LV QRZ IRFXVLQJ RQ WKH




7KLV ZRUN ZDV VXSSRUWHG E\ WKH 6mR 3DXOR 5HVHDUFK )RXQGDWLRQ




$ 0DUWLQV %+ 9 %RUJHV DQG ( 5 0DUWLQV DUH ZLWK  6FKRRO RI
(QJLQHHULQJ RI 6mR &DUORV 8QLYHUVLW\ RI 6mR 3DXOR $Y 7UDEDOKDGRU
6DRFDUOHQVH  6mR &DUORV 63 %UD]LO HPDLO DXJXVWRPDUWLQV#XVSEU
EHQKXU#VFXVSEUHUP#XVSEU
- /L LV ZLWK 6WDWH .H\ /DERUDWRU\ RI 2SWRHOHFWURQLF 0DWHULDOV DQG
7HFKQRORJLHV 6FKRRO RI 3K\VLFV DQG (QJLQHHULQJ 6XQ<DW 6HQ 8QLYHUVLW\
*XDQJ]KRX&KLQDHPDLOOLMW#PDLOV\VXHGXFQ




HIILFLHQF\ RI VLOLFRQ VRODU FHOOV EH\RQG WKHLU VLQJOH MXQFWLRQ
OLPLW$VDUHVXOWWKHUHKDVEHHQDVXUJHLQLQWHUHVWLQWDQGHP
VRODU FHOOV XVLQJ VLOLFRQ DV WKH ORZ EDQG JDS DEVRUEHU DQG
SHURYVNLWHDV WKHKLJKEDQGJDSDEVRUEHU>@ZLWKWKHJRDO
RI H[SORLWLQJ WKH KLJKHU RSHQ FLUFXLW YROWDJH RI SHURYVNLWHV
7KLV LQWHUHVW LV MXVWLILHG E\ WKH FRPELQDWLRQ RI WKH PDWXUH
VLOLFRQ WHFKQRORJ\ ZLWK WKH KXJH SRWHQWLDO RI SHURYVNLWHV WR
GHOLYHU ORZ FRVW DQG KLJKO\ HIILFLHQW VRODU FHOOV >@
7KHRUHWLFDODQDO\VHVVXJJHVW WKDW LQSULQFLSOH WDQGHPVLOLFRQ
SHURYVNLWHFHOOVFDQKDYHHIILFLHQFLHV LQH[FHVVRI>




UHDOL]HGDV VWDFNHGVWUXFWXUHV LQ ZKLFKFDVH WKHSHUIRUPDQFH
LVKLJKO\GHSHQGHQWRQSKRWRQ PDQDJHPHQW )RUH[DPSOH LQ
WZRWHUPLQDO WDQGHP FHOOV SKRWRQ PDQDJHPHQW LV XVHG WR
EDODQFHWKHDEVRUSWLRQLQWKHGLIIHUHQWOD\HUVLQRUGHUWRPDWFK
WKH FXUUHQWV GHOLYHUHG E\ HDFK FHOO ,Q WKH DOWHUQDWLYH IRXU
WHUPLQDO FRQILJXUDWLRQ SKRWRQ PDQDJHPHQW LV XVHG WR
PD[LPL]HWKHDEVRUSWLRQLQWKHWRSFHOOZKLFKKDVWKHKLJKHVW
EDQG JDS DQG WKHUHIRUH GHOLYHUV WKH KLJKHVW RSHQ FLUFXLW
YROWDJH9RF3KRWRQPDQDJHPHQWFDQEHDFKLHYHGE\SODFLQJ
LQWHUPHGLDWH SKRWRQLF UHIOHFWRUV EHWZHHQ WKH WZR FHOOV ZLWK
WKHUHIOHFWDQFHGHVLJQHGWRPDWFKWKHWRSFHOODEVRUSWLRQEDQG
([DPSOHV RI LQWHUPHGLDWH UHIOHFWRUV LQFOXGH KRPRJHQHRXV
OD\HUV > @ SKRWRQLF FU\VWDOV >@ PHWDOOLF
QDQRSDUWLFOHV >@VWDFNHG OD\HUV >@DQGDFRPELQDWLRQ









EHHQ WDUJHWHG DW PLFURPRUSK VRODU FHOOV ZLWK WKHLU SRWHQWLDO
IRUSHURYVNLWHVLOLFRQ WDQGHPFHOOV\HW WREHH[SORUHG>@$V
DQH[DPSOHRI WKLVSRWHQWLDO/DOHWDOKDYHFRQFOXGHG WKDWD
FRPELQDWLRQ RI DQ LQWHUPHGLDWH UHIOHFWRU ZLWK D /DPEHUWLDQ
VFDWWHUHU FDQ RYHUFRPH WKH  OLPLW LQ D SHURYVNLWHVLOLFRQ










WKHVH SURSHUWLHV FDQ EH PHW E\ UHDOLVWLF VWUXFWXUHV +HUH ZH
DGGUHVVWKLVSUREOHPE\ILUVWLGHQWLI\LQJWKHLGHDOUHTXLUHPHQW
IRU LQWHUPHGLDWH SKRWRQLF VWUXFWXUHV LQ SHURYVNLWHVLOLFRQ
WDQGHP VRODU FHOOV ,PSRUWDQWO\ DQG FRXQWHU
VKRZ WKDW WKH LQWHUPHGLDWH VWUXFWXUH UHIOHFWDQFH LQWR WKH KLJK




SHURYVNLWH ZLQGRZ ZH VKRZ WKDW WKH LQWHUPHGLDWH VWUXFWXUH
VKRXOGPDLQO\DFWDVDQRSWLFDOLPSHGDQFHPDWFKLQJOD\HUIRU
WKHVSHFWUDOUHJLRQZKHUHWKHSHURYVNLWHLVWUDQVSDUHQWLHWKH
LQWHUPHGLDWH VWUXFWXUH VKRXOG PD[LPL]H WKH RSWLFDO
WUDQVPLVVLRQ EHWZHHQ WKH WRS FHOO DQG ERWWRP FHOO
FDUHIXOO\ LGHQWLI\LQJ WKLV UHTXLUHPHQW ZH GHVLJQ VLPS
UREXVW SKRWRQLF VWUXFWXUHV WKDW SURYLGH EURDG
LPSHGDQFH PDWFKLQJ EHWZHHQ WRS DQG ERWWRP FHOOV )LQDOO\
WKH SHUIRUPDQFH RI GLIIHUHQW RSWLFDO LPSHGDQFH PDWFKLQJ
VWUXFWXUHV LV FRPSDUHG WR WKDW RI LQWHUPHGLDWH UHIOHFWRUV
DQDO\VLQJWKHLPSDFWRIERWKFODVVHVRISKRWRQLFVWUXFWXUHVRQ




ZDYHOHQJWKRI WKH LQWHUPHGLDWH UHIOHFWRU WKHKLJKHVW LQFUHDVH
LQVKRUWFLUFXLWFXUUHQWDVVXPLQJWKHUHLVQROLJKWWUDSSLQJLV
 FRPSDUHG WR D VWUXFWXUH ZRXW LQWHUPHGLDWH UHIOHFWRU
DQG LW LV DFKLHYHG IRU 5 §  LH IRU DQ RSWLFDO
PDWFKLQJOD\HU
,, ,'($/,17(50(',$7(3+2721,&6758&785(
:H EHJLQ E\ LGHQWLI\LQJ WKH LGHDO UHTXLUHPHQWV IRU WKH
LQWHUPHGLDWH SKRWRQLF VWUXFWXUH ZKLFK LV SODFHG EHWZHHQ WKH
SHURYVNLWHDQGVLOLFRQDEVRUELQJOD\HUVRID
VRODUFHOODVVKRZQLQ)LJXUHD7KHFKRLFHRID
FRQILJXUDWLRQ KDV WZR LPSRUWDQW DGYDQWDJHV  LW GRHV QRW
UHTXLUH FXUUHQW PDWFKLQJ DQG  LW DIIRUGV WKH RSWLFDO
VHSDUDWLRQ EHWZHHQ WKH WRS DQG ERWWRP FHOOV E\ PHDQV RI DQ
RSWLFDOEXIIHU7KLVVFKHPHLVSDUWLFXODUO\FRQYHQLHQWEHFDXVH
LW DOORZV WKH FHOOV WR EH IDEULFDWHG VHSDUDWHO\ DQG EH
VXEVHTXHQWO\ERQGHGWRJHWKHU7KHWRSFHOOLVFRPSULVHG
$QWL5HIOHFWLRQ$5FRDWLQJDQPWKLFNSHURYVNLWHOD\HU
DQG D  QP WKLFN ,QGLXP 7LQ 2[LGH ,72 HOHFWURGH 7KH
WRSDQGERWWRPFHOOVDUHRSWLFDOO\VHSDUDWHGE\DPVLOLFRQ
GLR[LGH 6L2 EXIIHU IROORZHG E\ WKH SKRWRQLF LQWHUPHGLDWHVWUXFWXUH )LQDOO\ WKH FHOO LV WHUPLQDWHG E\ D  P WKLFN
FU\VWDOOLQH VLOLFRQ F6L DEVRUEHU FRYHUHG ZLWK D SHUIHFW
PLUURU7KH UHIUDFWLYH LQGH[ RI WKH $5 FRDWLQJ LV VHW WR
DQG WKH GLVSHUVLRQ RI DOO PDWHULDOV FDQ EH IRXQG LQ WKH




WKH UHVXOWV FDQ EH NHSW DV JHQHUDO DV SRVVLEOH +RZHYHU WKH
SHUIRUPDQFHFKDUDFWHUL]DWLRQIRUDFRPSOHWHGHYLFHXVLQJ,72













7KH LGHDO SURSHUWLHV RI WKH LQWHUPHGLDWH VWUXFWXUH FDQ EH
LGHQWLILHG E\ FRQVLGHULQJ WKDW DQ LGHDO UHIOHFWRU LV SODFHG
EHWZHHQWKHSHURYVNLWHDQGVLOLFRQOD\HUVDVVKRZQLQ)LJXUH
E7KHLGHDOUHIOHFWRUVSHFWUXPLVVKRZQLQ
)LJXUH D LW KDV D IL[HG UHIOHFWDQFH
ZDYHOHQJWK ȜLUF DIWHU ZKLFK WKH UHIOHFWDQFH GURSV VKDUSO\ WR





VWHSV )LUVWO\ WKH SHURYVNLWH DEVRUSWLRQ DQG WUDQVPLVVLRQ DUH
FDOFXODWHG E\ UHSODFLQJ WKH HQWLUH ERWWRP FHOO LQFOXGLQJ WKH
RSWLFDO EXIIHU E\ D VXEVWUDWH ZKRVH UHIUDFWLYH LQGH[ LV
FDOFXODWHG IURP WKH )UHVQHO HTXDWLRQV WR SURYLGH WKH FKRVHQ
UHIOHFWDQFH5LUDVVKRZQLQ)LJXUHF6HFRQGO\ WKHSRZHU
WUDQVPLWWHG LQWR WKH VXEVWUDWHRI)LJXUHF LVDVVXPHG WREH
WKHLQFLGHQWSRZHURQWKHPDWFKHGVXSHUVWUDWHRI)LJXUHG
1RWLFH WKDW WKH SRZHU LQFRPLQJ IURP WKH VXSHUVWUDWH LV WKH
WRWDO LQFLGHQW SRZHU PLQXV WKH SRZHU ORVW WR ERWK UHIOHFWLRQ
DQG DEVRUSWLRQ LQ WKH SHURYVNLWH OD\HU 7KH FRQILJXUDWLRQ RI
)LJXUH G LV WKHQ XVHG WR FDOFXO
VLOLFRQOD\HU7KHFDOFXODWLRQVDVVXPHSHUSHQGLFXODULQFLGHQFH
)LJ±D,QWHUPHGLDWHSKRWRQLFVWUXFWXUHRQDSHURYVNLWHF
FHOO 7KH WKLFNQHVV RI HDFK OD\HU LV VWDWHG LQ SDUHQWKHVLV LQ IURQW RI WKH
PDWHULDO 7KH UHIUDFWLYH LQGH[ RI WKH $5 FRDWLQJ LV VHW WR 
RSWLPXPSURSHUWLHVRIDQLGHDOLQWHUPHGLDWHUHIOHFWRUDUHLGHQWLILHG7KHLGHDO
UHIOHFWRU LVGHSLFWHGLQ E  ,Q F WKHDEVRUSWLRQ
FDOFXODWHGE\FKRRVLQJDVXEVWUDWHVXFKWKDWWKH)UHVQHOUHIOHFWLRQFRHIILFLHQW
EHWZHHQ WKH SHURYVNLWH OD\HU DQG WKH VXEVWUDWH JLYHV WKH GHVLUHG LGHDO
UHIOHFWDQFHDFFRUGLQJWRWKHWRSLQVHWRI)LJXUH
WKH SRZHU WUDQVPLWWHG LQWR WKH VXEVWUDWH RI
VXSHUVWUDWH ZLWK WKH VDPH UHDOSDUWRI UHIUDFWLYH LQGH[ DV VLOLFRQ
DYRLG UHIOHFWLRQ IURP WKH VLOLFRQ OD\HU 7KH VWUXFWXUHRI





5LU XS WR D FXWRII
5LU
DWH WKH DEVRUSWLRQ LQ WKH
6LWDQGHPVRODU
  )LUVW WKH
LQWKHSHURYVNLWH OD\HU LV
D,QWKHVHFRQGVWHSG
F LV WUDQVSRVHG WR D PDWFKHG
 VRDV WR






DQG $0* VRODU VSHFWUXP $OO RSWLFDO FDOFXODWLRQV ZHUH
SHUIRUPHGXVLQJWKH5LJRURXV&RXSOHG:DYH$QDO\VLV
7KHFDOFXODWHGDEVRUSWLRQVZHUHWKHQXVHGWRGHWHUPLQHWKH
SHUIRUPDQFH RI WKH WDQGHP FHOO )ROORZLQJ WKH SURFHGXUH
GHVFULEHG LQ >@ WKH ERWWRP VLOLFRQ VRODU FHOO SDUDPHWHUV DUH
FKRVHQ EDVHG RQ WKH F6L 3(5/ VRODU FHOO
FKDUJH FDUULHU FROOHFWLRQ SUREDELOLW\ RI  ILOO IDFWRU RI
 DQG RSHQ FLUFXLW YROWDJH ௢ܸ௖ௌ௜ JLYHQ E\ WKH IROORZLQJGLRGHHTXDWLRQ
௢ܸ௖ௌ௜ ൌ ݇ܶݍ ቆ ܬ௦௖ௌ௜ܬ଴ ൅  ?ቇ
ZKHUHN LV WKH%ROW]PDQQFRQVWDQW7 LV WKH WHPSHUDWXUH
WKHIXQGDPHQWDOFKDUJHܬ௦௖ௌ௜LVWKHVKRUWFLUFXLWFXUUHQWGHQVLW\LQXQLWVRIP$FPDQG- [P$FP







)LJXUH  D VKRZV WKH WDQGHP VRODU FHOO HIILFLHQF\ DV D
)LJ   D 'HSHQGHQFH RI WKH WDQGHP VRODU FHOO HIILFLHQF\ RQ WKH LGHDO
UHIOHFWRUFXWRIIZDYHOHQJWK7KHHIILFLHQF\LVQRWVWURQJO\GHSHQGHQWRQWKH
UHIOHFWDQFHIRUFXWRIIZDYHOHQJWKVLQVLGHWKHSHURYVNLWHDEVRUSWLRQ
EXWGURSV VKDUSO\ IRUKLJK UHIOHFWDQFHZKHQ WKHFXWRIIZDYHOHQJWK UHDFKHV
WKHSHURYVNLWH WUDQVSDUHQF\ZLQGRZ7KHWRSLQVHWVKRZVWKHUHIOHFWDQFHRI
WKH LGHDO UHIOHFWRU DQG WKHERWWRP LQVHW VKRZV WKH DEVRUSWLRQ FRHIILFLHQWRI










IXQFWLRQ RI WKH FXWRII ZDYHOHQJWK
5LU $FFRUGLQJ WR WKH LGHDO UHIOHFWRU VSHFWUXP 
)LJ D WKH UHIOHFWDQFHEHWZHHQ WKH
OD\HUV LV IL[HG WR 5LU XS WR WKH FXW
ZDYHOHQJWKVDERYHȜLUFWKHLGHDOUHIOHFWRUDFWVDSHUIHFW
LPSHGDQFHPDWFKLQJOD\HUEHWZHHQSHURYVNLWHDQGVLOLFRQ$V
SHURYVNLWH DEVRUEV XS WR  QP LW LV UHDVRQDEOH WR DVVXPH
WKDW WKHLGHDOUHIOHFWRURSWLPXPSDUDPHWHUVVKRXOGEH





QP 7KLV FRXQWHULQWXLWLYH EHKDYLRXU FDQ EH H[SODLQHG DV
IROORZV,QWKHZDYHOHQJWKUHJLRQQHDUFXW
QPRQHZRXOGH[SHFWDVWURQJGHSHQGHQFHRIWKHWDQGHP
HIILFLHQF\ RQ 5LU EHFDXVH RI WKH VWURQJ RYHUODS RI KLJK VRODU
SKRWRQ GHQVLW\ ZLWK WKH SHURYVNLWH DEVRUSWLRQ ZLQGRZ
$FFRUGLQJ WR )LJXUH  D KRZHYHU WKLV
SURQRXQFHGDQGPRUHRYHULWSHDNVDW
QP LQVWHDG RI WKH H[SHFWHG 5LU
GHSHQGHQFH RQ 5LU 7KHUHIRUH WKHVH UHVXOWV OHDG WR WKH
FRQFOXVLRQ WKDW KLJK UHIOHFWDQFH LQ WKH SHURYVNLWH DEVRUSWLRQ
ZLQGRZLVQRWDVWURQJUHTXLUHPHQW
:H SURSRVH WKDW WKLV FRXQWHU
FRQVHTXHQFH RI WKH EDODQFH EHWZHHQ UHIOHFWLRQ DQG
WKHUPDOL]DWLRQORVVHVZKLFKLVEHVWH[SODLQHGE\PHDQVRIDQ
H[DPSOH DVVXPLQJ D SHUIHFW $5 FRDWLQJ IRU
DEVRUSWLRQ DW WKH ZDYHOHQJWK RI QP LV DERXW LQ WKH
SHURYVNLWH OD\HU DQG  LQ WKH VLOLFRQ OD\HU DW WKLV
ZDYHOHQJWK WKH  P WKLFN VLOLFRQ
DOOSKRWRQVWKDWUHDFKLW)RU5LU KRZHYHUDQGDWWKHVDPH
ZDYHOHQJWKRIQP WKHDEVRUSWLRQ LQ WKHSHURYVNLWH OD\HU
LV DERXW  ZKLOH LQ WKH VLOLFRQ OD\HU LW LV  VLQFH QR
SKRWRQ UHDFKHV LW 7KLV PHDQV WKDW
DEVRUSWLRQ LQ WKH SHURYVNLWH OD\HU DQG FRQVHTXHQWO\ ORZHU
WKHUPDOL]DWLRQ ORVVHV \HW WKLV LPSURYHPHQW LV PRUH WKDQ
RXWZHLJKHG E\ WKH ORVV RI HIILFLHQF\ LQ WKH VLOLFRQ
&RQVHTXHQWO\ WKHUH LV D WUDGHRII EHWZHHQ UHIOHFWLRQ DQG
WKHUPDOL]DWLRQ ORVVHV WKDW FDQQRW EH RYHUORRNHG LQ WKH
LQWHUPHGLDWH VWUXFWXUH GHVLJQ HVVHQWLDOO\ ZKLOH DQ\ YDOXH RI
5LU!LQFUHDVHVWKHDEVRUSWLRQLQWKHSHURYVNLWHOD\HULWDOVR
LQFUHDVHV WKH UHIOHFWLRQ EDFN LQWR IUHH VSDFH VR SKRWRQV DUH




SHURYVNLWH DQG VLOLFRQ VRODU FHOOV DUH SORWWHG LQGHSHQGHQWO\
)LJXUHEDV5LULQFUHDVHVWKHHIILFLHQF\RIWKHSHURYVNLWH
WRS FHOO DOVR LQFUHDVHVE\ DSSUR[LPDWHO\ WKH VDPHDPRXQW DV
WKH HIILFLHQF\ RI WKH VLOLFRQ ERWWRP FHOO GHFUHDVHV
&RQVHTXHQWO\ WKH WDQGHP HIILFLHQF\ LV
E\DFKDQJHRI5LU
(YHQWKRXJKWKHWDQGHPHIILFLHQF\LVIDLUO\FRQVWDQWIRU














 GHSHQGHQFH LV QRW
5LU DQGȜLUF 
   ZLWK RQO\ D ZHDN

LQWXLWLYH EHKDYLRXU LV D
5LU    WKH
OD\HU DEVRUEV YLUWXDOO\
5LU    UHVXOWV LQ KLJKHU
ȜLUFQP












5LU  WKXV LQGLFDWLQJ WKDW WKHUHIOHFWLRQ ORVVHV VKRXOGQRW
EHKLJKHUWKDQLQWKHVSHFWUDOUHJLRQZKHUHSHURYVNLWHLV
WUDQVSDUHQW
:H KDYH WKXV JDLQHG WZRNH\ LQVLJKWV LQWR WKH DQDO\VLV RI
WKHLGHDO LQWHUPHGLDWHUHIOHFWRU7KHGHYLFHSHUIRUPDQFHLV
DOPRVWLQGHSHQGHQWRQWKHLQWHUPHGLDWHVWUXFWXUHUHIOHFWDQFHLQ
WKH SHURYVNLWH DEVRUSWLRQ ZLQGRZ  WKH LQWHUPHGLDWH
VWUXFWXUH VKRXOG DFW SUHGRPLQDQWO\ DV DQ RSWLFDO
PDWFKLQJ OD\HU LQ WKH VSHFWUDO UHJLRQ ZKHUH SHURYVNLWH
WUDQVSDUHQW ZLWK WKH UHTXLUHPHQW WKDW WKH UHIOHFWLRQ DULVLQJ
IURP LPSHGDQFH PLVPDWFK EH NHSW EHORZ  ,Q WKH QH[W
VHFWLRQ WKHVH LQVLJKWV DUH XVHG WR JXLGH WKH GHVLJQ RI WKH
LQWHUPHGLDWHSKRWRQLFVWUXFWXUHV
)LJ  DG )RXU GLIIHUHQW LQWHUPHGLDWH VWUXFWXUH GHVLJQV D
,QWHUPHGLDWH VWUXFWXUHVGHVLJQHGDVLPSHGDQFHPDWFKLQJ OD\HU D$VLQJOH
QP WKLFN VLOLFRQ QLWULGH LPSHGDQFH PDWFKLQJ OD\HU F





SHUIRUPDQFH H 7UDQVPLWWDQFH RI DOO IRXU LQWHUPHGLDWH SKRWRQLF VWUXFWXUHV
7KHWUDQVPLWWDQFHZLWKRXWDQ\LQWHUPHGLDWHVWUXFWXUH:,6LVDOVRVKRZQIRU







$VGLVFXVVHG LQ VHFWLRQZHKDYHQRZLGHQWLILHG WKDW WKH
PDLQ UROH RI WKH SKRWRQLF LQWHUPHGLDWH VWUXFWXUH LQ
SHURYVNLWHFB6L WDQGHP FHOOV VKRXOG EH WR SURYLGH
LPSHGDQFH PDWFKLQJ EHWZHHQ WKH WRS DQG ERWWRP FHOOV ,Q
RUGHU WR EHWWHU XQGHUVWDQG WKH UROH RI LQWHUPHGLDWH SKRWRQLF
VWUXFWXUHVZHQRZLQWURGXFHIRXUGLIIHUHQWGHVLJQVVKRZQLQ
)LJXUHV DG 7KH VWUXFWXUHV RI )LJXUHV D
DFWDVRSWLFDOLPSHGDQFHPDWFKLQJOD\HUVEHWZHHQWKHWRSDQG
ERWWRP FHOOV ZKHUHDV WKH VWUXFWXUHV RI )LJ
GHVLJQHG DV LQWHUPHGLDWH UHIOHFWRUV 7KHLU FRUUHVSRQGLQJ
WUDQVPLWWDQFH VSHFWUD DUH VKRZQ LQ )LJXUH H )RU UHIHUHQFH
ZH DOVR VKRZ WKH WUDQVPLWWDQFH ZLWKRXW DQ\ LQWHUPHGLDWH
VWUXFWXUH LQ )LJXUH H 1RWLFH WKDW WKH VSHFWUD DUH FDOFXODWHG
DVVXPLQJ LQFLGHQFH IURP WKH EXIIHU6L2
VLOLFRQ VXEVWUDWH DV UHTXLUHG E\ WKH WDQGHP VRODU FHOO
FRQILJXUDWLRQRI)LJXUHD
)LJXUH D FRQVLVWV RI RQO\ D VLQJOH  QP WKLFN OD\HU RI
VLOLFRQ QLWULGH 6L1 VDQGZLFKHG EHWZHHQ WKH 6L2
VXSHUVWUDWH DQG WKH VLOLFRQ VXEVWUDWH 7KH VWUXFWXUH RI )LJXUH
EVKRZVDSDWWHUQHGGRXEOHOD\HUSKRWRQLFVWUXFWXUHZKHUHD






WUDQVPLWWDQFHRI WKHGRXEOH OD\HU VWUXFWXUH LV KLJKHU WKDQ WKH
WUDQVPLWWDQFHRIWKHVLQJOHOD\HUVWUXFWXUHEXWWKHGLIIHUHQFHLV
QRW ODUJH ERWK VWUXFWXUHV SURYLGH EURDG
WUDQVPLWWDQFH !  VSDQQLQJ WKH VSHFWUDO UDQJH EHWZHHQ
DQGQP
7KH LQWHUPHGLDWHVWUXFWXUHVVKRZQLQ)LJXUHFDQG)LJXUH
G DUH 'LVWULEXWHG %UDJJ 5HIOHFWRUV '%5 FRPSULVHG RI 
DQG  OD\HUV UHVSHFWLYHO\ 7KH '%5V DUH ILUVW RSWLPL]HG WR
SURYLGH KLJK UHIOHFWDQFH LQWR WKH SHURYVNLWH DEVRUSWLRQ
VSHFWUDOZLQGRZDQGDWWKHVDPHWLPHORZUHIOHFWDQFHLQWKH
SHURYVNLWH WUDQVSDUHQF\ ZLQGRZ $V D VHFRQG RSWLPL]DWLRQ
VWHS WKH '%5 WKLFNQHVVHV ZHUH ILQH
RYHUDOO SHUIRUPDQFH RI WKH WDQGHP VRODU FHOO ZKLFK LV
GLVFXVVHG LQ GHWDLO EHORZ 7KH '%5 ILQDO WKLFNQHVVH
QPIRUWKH7L2OD\HUVDQGQPIRUWKH6L2
)LJXUHV DG VKRZ WKH WDQGHP VRODU FHOOV ZLWK WKH




LQ JUHHQ VTXDUHV DQG \HOORZ WULDQJOHV LQ )LJXUH H 7KH
SHURYVNLWH DEVRUSWLRQ VSHFWUD IRU WKH LQWHUPHGLDWH UHIOHFWR
DOVR VKRZ PRUH SURQRXQFHG )DEU\
FRPSDUHG WR WKH RSWLFDO LPSHGDQFH PDWFKLQJ OD\HUV :H XVH
WKH LQWHJUDWHG DEVRUSWLRQ DV D ILJXUH RI PHULW WR DVVHVV WKH
SHUIRUPDQFHRIWKHVWUXFWXUHV7KHLQWHJUDWHGDEVRUSWLRQWDNHV









E DUH GHVLJQHG WR
XUH FG DUH

















FHOOV RI )LJXUHV DG DUH UHVSHFWLYHO\ 




RQ WKH RWKHU KDQG LV KLJKHU IRU WKH LPSHGDQFH PDWFKHG
VWUXFWXUHVRI)LJXUHVDE
7KH LQWHJUDWHG DEVRUSWLRQV LQ WKH VLOLFRQ OD\HU IRU WKH
VWUXFWXUHV RI )LJXUH DG DUH UHVSHFWLYHO\  
LPSHGDQFH PDWFKLQJ  RSWLFDO LPSHGDQFH PDWFKLQJ
'%5'%5ZKLOH WKH LQWHJUDWHGDEVRUSWLRQ




















6LOLFRQ-VF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   ?  ?  ?
6LOLFRQ
(IILFLHQF\   ?  ?  ?
3HURYVNLWH
(IILFLHQF\  ?  ?  ?  ?
7DQGHP
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6LOLFRQ
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  ?
3HURYVNLWH
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  ?  ?  ?  ?
dĂŶĚĞŵ







)LJ   D ,OOXVWUDWLRQ RI WKH FRPSOHWH VRODU FHOO ZLWK WKH LQWHUPHGLDWH
SKRWRQLF VWUXFWXUH  DE 3KRWRQLF LQWHUPHGLDWH VWUXFWXUHV GHVLJQHG DV
LPSHGDQFHPDWFKLQJOD\HUVFG3KRWRQLFLQWHUPHGLDWHVWUXFWXUHVGHVLJQHG





























ODUJHU WKDQ  QP )LJXUH H ZKLFK UHVXOWV LQ KLJK
DEVRUSWLRQ LQ WKH VLOLFRQ OD\HU IRU WKHVH ZDYHOHQJWKV )LJXUH
I 7KH  OD\HU '%5 WKHUHIRUH LV DFWLQJ DV ERWK DQ
LQWHUPHGLDWH UHIOHFWRU IRU WKH SHURYVNLWH DEVRUSWLRQ ZLQGRZ
DQG DOVR DV DQ RSWLFDO LPSHGDQFH PDWFKLQJ OD\HU IRU
ZDYHOHQJWKV ODUJHU WKDQ  QP LH WKH SHURYVNLWH
WUDQVSDUHQF\ZLQGRZ
7KLV GRXEOH UROH RI WKH '%5 VWUXFWXUH PLJKW MXVWLI\ WKH
DVVXPSWLRQWKDWWKHOD\HU'%5LVWKHRSWLPXPVWUXFWXUH$V
VKRZQLQ7DEOHKRZHYHUWKHWDQGHPVRODUFHOOHIILFLHQF\LV
QRW KLJKHVW IRU WKH  OD\HU '%5 ,QGHHG WKH EHVW RYHUDOO
HIILFLHQF\ LV DFKLHYHG IRU WKH RSWLFDO LPSHGDQFH PDWFKLQJ
VWUXFWXUH FRPSULVHG RI WKH 7L2 JUDWLQJ )LJXUH E ,W LV
LPSRUWDQW WRQRWLFHWKDWHYHQZKHQFRPSDUHGWRWKHVLPSOHVW
RSWLFDO LPSHGDQFH PDWFKLQJ OD\HU )LJXUH D WKH WDQGHP
HIILFLHQF\RIWKHOD\HU'%5LVRQO\PDUJLQDOO\KLJKHU7KHVH
FRXQWHULQWXLWLYH UHVXOWV FDQ EH XQGHUVWRRG E\ FRPSDULQJ
)LJXUH H ZLWK )LJXUH I HYHQ WKRXJK WKH WUDQVPLWWDQFH IRU
WKH OD\HU'%5ULVHVTXLFNO\EHWZHHQDQGQP WKLV
WUDQVLWLRQ LVQRW VKDUS HQRXJK WR PLWLJDWH UHIOHFWLRQ ORVVHV LQ
WKH VLOLFRQ OD\HU &RQVHTXHQWO\ WKH DEVRUSWLRQ LQ WKH VLOLFRQ
OD\HU)LJXUHILQWKHVKRUWZDYHOHQJWKUHJLRQQPLV
KLJKHU IRU WKH VWUXFWXUHV WKDW SURYLGHRQO\RSWLFDO LPSHGDQFH
PDWFKLQJ ,W LV WKLV GLIIHUHQFH WKDW DFFRXQWV IRU WKH VLPLODU
SHUIRUPDQFHV RI WKH WDQGHP VRODU FHOOV OLVWHG LQ 7DEOH 
7KHVH UHVXOWV WKHUHIRUH FRUURERUDWH WKH SUHYLRXV FRQFOXVLRQ
WKDWLWLVSUHIHUDEOHWKDWLQWHUPHGLDWHVWUXFWXUHVEHGHVLJQHGWR
SURYLGHRQO\RSWLFDOLPSHGDQFHPDWFKLQJEHWZHHQWKHWRSDQG
ERWWRP FHOOV ,QGHHG WKH '%5 LQWHUPHGLDWH VWUXFWXUHV DUH
PRUH FRPSOH[ DQG \HW VKRZ VLPLODU SHUIRUPDQFH ZKHQ
FRPSDUHGWRWKHVLPSOHVWRSWLFDOLPSHGDQFHPDWFKLQJOD\HU
2XU FDOFXODWLRQV LQGLFDWH WKDW ERWK RSWLFDO LPSHGDQFH
PDWFKLQJOD\HUVUHVXOWLQHIILFLHQFLHVH[FHHGLQJIRU/G 
 QP 1DWXUDOO\ ZH H[SHFW WKDW WKH WDQGHP GHYLFH
SHUIRUPDQFH FDQ EH IXUWKHU LQFUHDVHG E\ DSSO\LQJ OLJKW
WUDSSLQJ FRQFHSWV > @ DQG WKDW WKH GHVLJQ RI VXFK OLJKW
WUDSSLQJ VWUXFWXUHV ZLOO EHQHILW IURP WKH RSWLFDO LPSHGDQFH
PDWFKLQJSULQFLSOHVZHKDYHRXWOLQHGKHUH:KHQFRPSDUHGWR
WKH VRODU FHOO ZLWKRXW LQWHUPHGLDWH VWUXFWXUH WKH VLOLFRQ VRODU
FHOO VKRUW FLUFXLW FXUUHQW LV LQFUHDVHG E\  IRU WKH 7L2
JUDWLQJ ,W LV LPSRUWDQW WR QRWLFH WKDW WKHVH KLJK HIILFLHQFLHV




DGGLWLRQDO DGYDQWDJH RI HPSOR\LQJ RSWLFDO LPSHGDQFH
PDWFKLQJOD\HUVLVWKDWWKHLUQRQUHVRQDQWEHKDYLRUUHVXOWVLQD
YHU\DQJXODUWROHUDQWSHUIRUPDQFH7KLVIHDWXUHFDQEHVHHQLQ
)LJXUHV DE ZKLFK VKRZ UHVSHFWLYHO\ WKH DEVRUSWLRQ LQ
WKH VLOLFRQ DQG SHURYVNLWH OD\HUV YHUVXV LQFLGHQFH DQJOH T
DQGZDYHOHQJWKIRUWKHV\VWHPZLWKWKH7L2JUDWLQJDFWLQJDV
RSWLFDO LPSHGDQFH PDWFKLQJ OD\HU 7KH GHSHQGHQFH RI WKH
VRODU FHOO HIILFLHQFLHV RQ WKH LQFLGHQFH DQJOH LV VKRZQ LQ





D SHURYVNLWHF6L WDQGHP VRODU FHOO VKRXOG DFW DV DQ RSWLFDO
LPSHGDQFH PDWFKLQJ OD\HU DW WKH SHURYVNLWHVLOLFRQ LQWHUIDFH
7KHUHDVRQIRUWKLVVRPHZKDWXQH[SHFWHGEHKDYLRXULVWKDWE\
LQFUHDVLQJ WKH UHIOHFWLYLW\ WKH UHIOHFWLRQ ORVV EDFN LQWR IUHH
VSDFHWHQGVWRRXWZHLJKWKHLPSURYHPHQWLQDEVRUSWLRQLQWKH
WRS OD\HU 7KLV LQVLJKW DIIRUGV WKH UHOD[DWLRQ RI WKH SKRWRQLF
VWUXFWXUH UHIOHFWDQFH LQ WKH SHURYVNLWH DEVRUSWLRQ ZLQGRZ
ZKLFK OHDGV WR YHU\ VLPSOH DQG UREXVW GHVLJQV IRU WKH
LQWHUPHGLDWH VWUXFWXUH $FFRUGLQJO\ ZH DQDO\]H WZR VLPSOH
GHVLJQV DQG FRPSDUH WKHLU SHUIRUPDQFHV ZLWK '%5 EDVHG
LQWHUPHGLDWHUHIOHFWRUV2XUFRQFOXVLRQLVWKDWWKHLQWHUPHGLDWH
VWUXFWXUHV DFWLQJ RQO\ DV RSWLFDO LPSHGDQFH PDWFKLQJ OD\HUV
DUH PXFK VLPSOHU WKDQ WKH '%5 VWUXFWXUHV \HW VKRZLQJ
VLPLODU SHUIRUPDQFHV :H WKHQ LPSOHPHQW WKLV LQVLJKW E\
VLPXODWLQJ D UHDOLVWLF GHYLFH FRQILJXUDWLRQ DQG VKRZ WKDW
RSWLFDO LPSHGDQFH PDWFKLQJ DORQH FDQ LQFUHDVH WKH VKRUW















VLOLFRQ KHWHURMXQFWLRQ VRODU FHOOV 6RODU (QHUJ\ 0DWHULDOV DQG 6RODU
&HOOVYROSS
>@ 3 . 1D\DN DQG ' &DKHQ 8SGDWHG DVVHVVPHQW RI SRVVLELOLWLHV DQG
OLPLWV IRU VRODU FHOOV $GYDQFHG 0DWHULDOV YRO  SS 

>@ 0 $ *UHHQ . (PHU\ < +LVKLNDZD : :DUWD DQG ( ' 'XQORS
6RODU FHOO HIILFLHQF\ WDEOHV YHUVLRQ  3URJUHVV LQ 3KRWRYROWDLFV
5HVHDUFKDQG$SSOLFDWLRQVYRO
>@ 73:KLWH11/DODQG.5&DWFKSROH7DQGHPVRODUFHOOVEDVHG
RQ KLJKHIILFLHQF\ F6L ERWWRP FHOOV WRS FHOO UHTXLUHPHQWV IRU! 
HIILFLHQF\,(((-RXUQDORI3KRWRYROWDLFVYROSS
>@ 0 )LOLSLþ3/|SHU%1LHVHQ 6'H:ROI -.Uþ&%DOOLI DQG 0
7RSLþ &+1+3E, SHURYVNLWHVLOLFRQ WDQGHP VRODU FHOOV
FKDUDFWHUL]DWLRQEDVHGRSWLFDOVLPXODWLRQV2SWLFVH[SUHVVYROSS
$$
>@ 56KHQJ$: +R%DLOOLH6 +XDQJ0.HHYHUV; +DR / -LDQJ
<% &KHQJ DQG 0 $ *UHHQ )RXU7HUPLQDO 7DQGHP 6RODU &HOOV
8VLQJ&+1+3E%UE\6SHFWUXP6SOLWWLQJ 7KH MRXUQDORISK\VLFDO
FKHPLVWU\OHWWHUVYROSS
>@ '/ :DQJ +- &XL *- +RX =* =KX 4% <DQ DQG * 6X
+LJKO\HIILFLHQWOLJKWPDQDJHPHQWIRUSHURYVNLWHVRODUFHOOV6FLHQWLILF
UHSRUWVYRO
>@ 6 $OEUHFKW 0 6DOLED - 3 & %DHQD ) /DQJ / .HJHOPDQQ 0
0HZV / 6WHLHU $ $EDWH - 5DSSLFK DQG / .RUWH 0RQROLWKLF














1HDU,QIUDUHG7UDQVSDUHQW 3HURYVNLWH 6RODU &HOOV (QDEOLQJ 'LUHFW




FRPELQLQJ D SHURYVNLWH DQG D VLOLFRQ KHWHURMXQFWLRQ VRODU FHOOV YLD DQ
RSWLFDO VSOLWWLQJ V\VWHP $SSOLHG3K\VLFV/HWWHUV YRO S

>@ $ %LHODZQ\ & 5RFNVWXKO ) /HGHUHU DQG 5 % :HKUVSRKQ









FU\VWDO LQWHUPHGLDWH UHIOHFWRU IRU PLFURPRUSK WKLQ-EILOP WDQGHP VRODU
FHOOSK\VLFDVWDWXVVROLGLDYROSS
>@ 6 )DKU & 5RFNVWXKO DQG ) /HGHUHU 6DQGZLFKLQJ LQWHUPHGLDWH
UHIOHFWRUV LQ WDQGHP VRODU FHOOV IRU LPSURYHG SKRWRQ PDQDJHPHQW
$SSOLHG3K\VLFV/HWWHUVYROS
>@ 6 )DKU & 5RFNVWXKO DQG ) /HGHUHU 0HWDOOLF QDQRSDUWLFOHV DV
LQWHUPHGLDWH UHIOHFWRUV LQ WDQGHP VRODU FHOOV $SSOLHG 3K\VLFV /HWWHUV
YROS
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